ABSTRACT Two ßea beetles, Aphthona lacertosa Rosenheim and A. nigriscutis Foudras, have been introduced to control leafy spurge, Euphorbia esula L., in North America. We determined the effect of temperature on developmental rates of overwintered third instars to adult for each species. Developmental rates were determined by Þeld collecting soil cores containing overwintering larvae and holding soil cores at constant temperatures of 12, 15, 18, 21, 22.5, and 26ЊC with 24-h light. Linear regression indicated that the lower developmental thresholds for A. lacertosa and A. nigriscutis were 7.5 and 9.3ЊC, respectively, and the median-required cumulative degree-days for emergence was 461 DD for A. lacertosa and 433 DD for A. nigriscutis. For each species, a three-parameter Weibull function was Þt to a cumulative probability distribution of emergence. First emergence estimates for each species were calculated by multiplying the gamma (␥) parameter from the Þt of the Weibull function with median-required degree-days from the linear model. First emergence for A. lacertosa and A. nigriscutis were predicted at 326 and 322 accumulated DD, respectively. Emergence models were validated with springtime Þeld captures in Minnesota, Montana, and North Dakota. Results overall indicate a lack of bias in Þrst emergence predictions for both species. However, there was a possible bias for predicting Þrst emergence of A. nigirscutis in Montana, which was on average 15 d late. We speculate that different climatic and environmental conditions may have played a role.
LEAFY SPURGE, Euphorbia esula L., is a Eurasian perennial plant that was introduced into North America in the early 19th century (Britton 1921 , Dunn 1979 . Rapid growth and allelopathic properties of leafy spurge have allowed it to outcompete native vegetation, causing the reduction of native grasses and forbs normally consumed by wildlife (Steenhagen and Zimdahl 1979, Belcher and Wilson 1989) . Leafy spurge produces a milky latex that can act as an irritant, causing blisters or hair loss in horses, and may act as a laxative and induce vomiting in many animals when eaten (Muenscher 1935 , 1960 , Best et al. 1980 . Because wildlife and cattle generally avoid grazing in infested areas, carrying capacity of infested pastureland may be reduced by up to 75% (Lacey et al. 1984 , Hein and Miller 1992 , Kronberg et al. 1993 , Trammell and Butler 1995 .
Leafy spurge is widely established in the northern half of the United States (Dunn 1979) . Leafy spurge infests Ͼ1.6 million acres in the four-state region of Montana, North Dakota, South Dakota, and Wyoming alone (Leitch et al. 1994) . Direct and indirect impacts to grazing lands and wildlife habitat caused by leafy spurge have resulted in an estimated economic impact of $130 million annually in the upper Great Plains (Leitch et al. 1994 ). Leafy spurge is difÞcult to control with chemical, cultural, and mechanical control methods, which are costly and usually do not provide longterm control Messersmith 1987, 1994) .
Biological control is considered a valuable leafy spurge management tool in North America. In its native range, leafy spurge is believed to be kept in check by natural enemies, mainly insects (Gassmann and Schroeder 1995) . Since 1964, 10 insect species have been introduced into the United States as biological control agents (Hansen et al. 1997) . Most have been introduced in the last decade with varying degrees of success (Rees et al. 1996 , Hansen et al. 1997 .
Aphthona lacertosa Rosenheim and A. nigriscutis Foudras (Coleoptera: Chrysomelidae) were introduced into the United States in 1993 and 1989, respectively Schroeder 1995, Hansen et al. 1997 ). These two ßea beetles have become widely established and are considered the most effective biological control agents against leafy spurge (Hansen et al. 1997) . A. lacertosa and A. nigriscutis currently are being collected from established release sites and redistributed to other leafy spurge infestations throughout the upper Great Plains of North America.
Aphthona lacertosa and A. nigrsicutis are closely related species that share similar morphologies and life histories (Gassmann et al. 1996, LeSage and Paquin 1996) . Both species are univoltine, and adults feed on leafy spurge foliage (Gassmann et al. 1996) . Females lay small groups of eggs at, or just below, the soil surface, near the base of leafy spurge stems. Newly hatched larvae burrow in the soil and begin feeding on very small roots. Larvae feed on progressively larger roots and root buds as they develop. A. lacertosa and A. nigriscutis overwinter as third instars, which resume feeding in the spring. The larvae leave the roots and form a soil cell for pupation. New adults emerge in late spring to early summer (Maw 1981 , Gassmann et al. 1996 . Larval feeding on the roots destroys the root buds and adjacent tissue near the feeding site. The aggregate feeding of many larvae on a root system can be lethal to the spurge plant (Gassmann et al. 1996) .
Adults are the only Aphthona spp. life stage that occurs outside of the soil and are easily collected for sampling and distribution purposes. Understanding the role of temperature in ßea beetle development provides useful information in the construction of phenology models that predict seasonal abundance. Accurate phenology models enable researchers and land managers to collect agents for redistribution, assess population establishment, and carry out other management activities as part of an area-wide management program. Insect phenology models relate heat accumulation over time to a deÞned population event such as Þrst or peak emergence (Pruess 1983 , Higley et al. 1986 , Legg et al. 2002a . Various methods exist to calculate heat accumulation over time (Pruess 1983 , Wagner et al. 1984a , Higley et al. 1986 , Legg et al. 2002a ). All methods are based on daily accumulation of heat units above a lower developmental threshold that is determined for each insect species. These daily heat units are then summed over time until the phenological event occurs. The result is an accumulation of degree-days (Pruess 1983 , Higley et al. 1986 ). Wagner et al. (1984b) suggested that determining development rates at constant temperatures can provide a useful tool to predict insect development time and date of Þrst emergence. Legg et al. (2002a) used Þeld collected data on adult emergence to estimate a functional lower developmental threshold and accumulated degree-days to Þrst adult emergence for A. nigriscutis that was based on air temperature. Our interests were to determine developmental rates, lower developmental thresholds, and estimates of Þrst adult emergence of both A. lacertosa and A. nigriscutis using Þeld collected larvae held at constant temperatures in the laboratory where soil temperature was equal to air temperature.
Determining development rates and lower developmental thresholds through controlled laboratory experiments is preferred if insects can be reared in captivity (Legg et al. 2002a ). There are several issues that make it difÞcult to carry out such laboratory studies on Aphthona species. First, attempts to laboratory rearÐintroduced Aphthona species generally have been unsuccessful (Jackson 1997, Lym and Carlson 2002) . Lym and Carlson (2002) reared Aphthona larvae to the third instar, but no pupation occurred. Second, the larvae feed below ground, requiring destructive sampling to monitor developmental rates. Third, A. lacertosa and A. nigriscutis are univoltine species with relatively long development times and seem to have an obligate diapause (Maw 1981) .
DifÞculties in determining developmental rates can be reduced by focusing on a particular life stage of interest. Fornasari (1995) studied temperature effects on embryonic development of A. abdominalis, a multivoltine leafy spurge ßea beetle also introduced into the United States as a potential biological control agent. Fornasari (1995) used constant and variable temperatures to estimate lower and upper developmental thresholds and determined time required for embryonic development through thermal summation. We chose to study development time needed for overwintering third instars of A. lacertosa and A. nigriscutis to adult. It is this developmental period that largely determines timing of adult emergence in the spring.
Our initial objective was to assess the effect of selected constant temperatures on the development of A. lacertosa and A. nigriscutis. SpeciÞcally, the aim was to determine the lower developmental threshold, to determine required degree-days for development, and to estimate degree-days to Þrst adult emergence for A. lacertosa and A. nigriscutis from third instar. This period of development was chosen because of an interest in predicting adult emergence in the Þeld. A second objective was to validate these developmental parameters using Aphthona lacertosa and A. nigriscutis emergence data from a variety of established Þeld populations.
Materials and Methods
Constant Temperature Experiments. Experiments were conducted over 2 consecutive yr, using Þeld-collected third instars from soil cores. Soil cores containing leafy spurge roots infested with Aphthona spp. larvae were collected from three central Minnesota Þeld sites in November of 2000 and 2001, using a golf course cup cutter (10 cm diameter by 15Ð20 cm depth). The three sites had high adult Aphthona spp. populations in the summer of 2000, ensuring sufÞcient larval numbers of both A. lacertosa and A. nigriscutis in the soil cores.
Soil cores were held in a cold chamber at 3ЊC for 60 d before placing them in environmental chambers to potentially meet any overwintering requirement. The cores were placed in emergence traps made from a paper container (1.9 liter) topped with an inverted black plastic funnel and capped with a clear collection vial (Jordan 1999) . In January 2001, 45 soil cores (15 from each location) were randomly assigned to one of four constant temperature regimens in four growth chambers (I35LLVL; Percival ScientiÞc, Perry, IA or E15 Conviron; Controlled Environments LTD, Winnipeg, Manitoba) at either 15, 18, 22.5, or 26ЊC with constant ßuorescent light. Two temperature data loggers (Watch Dog model 100; Spectrum Technologies, PlainÞeld, IL) were placed within two separate soil cores per chamber to verify chamber temperature. Thereafter, the quantity of newly emerged adults of each species was recorded daily. The "start" date for the experiment was the day the cores were placed within the chambers at constant temperature. The experiment was repeated with the same number of replications in January 2002, using soil cores collected in November of 2001 from the same locations. These 2002 soil cores were held at either 6, 9, 12, 15, 18, 21, or 24ЊC under constant light to further deÞne development rates at lower temperatures and to better estimate lower developmental thresholds. Voucher specimens of A. lacertosa and A. nigriscutis have been deposited in the University of Minnesota Insect Museum.
Estimating Lower Developmental Thresholds and Median-Required Degree-Days to Emergence. To determine lower developmental thresholds for each species, the median number of days to emergence was calculated for each temperature and ßea beetle species. As recommended by Legg et al. (2002a) , we chose to use median values to calculate lower developmental thresholds and required degree-days. For both Aphthona spp., lower developmental thresholds (T 0 ) were estimated by plotting rate of development (1/median days to emergence) as a function of rearing temperature (T, ЊC) and applying a linear regression to the data set. The lower developmental threshold was calculated by setting development rate as zero and solving for rearing temperature (T, ЊC) in the linear regression equation (T 0 ϭ Ϫa/b) (Arnold 1959) . The reciprocal of the slope (1/b) estimates accumulated degree-days required for the speciÞed developmental event (Arnold 1959) . Regression coefÞcients and their SEs were calculated using Arc regression software (Cook and Weisberg 1999) .
Estimating First Emergence. We used a combination of linear and nonlinear models to predict Þrst emergence for A. lacertosa and A. nigriscutis adults. The linear model provides the number of degree-days required for median emergence. The nonlinear model estimates the proportion of median emergence degree-days required for Þrst emergence. We multiplied this proportion by the degree-days required for median emergence to estimate degree-days to Þrst emergence.
First, the nonlinear model was constructed using cumulative probability distributions of normalized development time for both species using 2001 and 2002 data. We regressed cumulative relative emergence frequency (y) on normalized development time (x) for each temperature. Normalized time was deÞned as development time divided by expected developmental rate (Wagner et al. 1984b) . We used days to emergence for development time and median days to emergence as our expected developmental rate. This procedure was repeated for each temperature in the experiment, with data at all rearing temperatures plotted within the same graph. The cumulative probability distributions were regressed on normalized time and used to assess homogeneity in development at different temperatures (Wagner et al. 1984b ).
We Þt a three-parameter Weibull function to the cumulative probability regressions for A. lacertosa and A. nigriscutis to estimate the onset of Þrst emergence based on normalized time. The Weibull function is:
where F ϭ cumulative frequency at normalized time (x), ␥ was the expected normalized time at onset of Þrst emergence, was the constant for rate of emergence, and ␤ was the parameter for shape. It is the ␥ parameter from the model that is important in determining onset of Þrst emergence. Parameter estimations and SEs were calculated using nonlinear regression in SAS (SAS Institute 1999). We used the PROC NLIN, Marquardt method, to carry out the analysis, as described by Wagner et al. (1984b) and Nowatzki et al. (2002) .
The estimate of ␥ from the Weibull function provides a proportion of the median emergence degreedays required for Þrst emergence. To estimate degreedays accumulated at Þrst adult emergence for each species, we multiplied this proportion (␥) by the median emergence degree-day requirement from the linear regression of development rate on temperature.
Model Evaluation. Observations of Þrst adult capture in the Þeld were used to evaluate Þrst emergence predictions based on soil temperature. A total of 14 datasets for A. lacertosa and 10 datasets for A. nigriscutis were obtained from Minnesota, Montana, and North Dakota. In Minnesota, eight locations, Þve in Clay County and three in Otter Tail County, were sampled in 2001. Temperature loggers were placed in the soil at depths of 5Ð7 cm at each location on 14 April 2001. Thereafter, each site was sweep-sampled at weekly intervals until the Þrst adult of each species was captured. A. lacertosa were present at all eight locations, whereas A. nigriscutis was present at only Þve of the eight locations in Minnesota.
In Montana, adult eclosion data were collected from two locations over a several-year period. One A. lacertosa data set was collected in 1996 at the Þrst location, referred to as the Story Hills site in Gallatin County. The second location, referred to as the Webber site in Sweet Grass County, was sampled in 1994 and 1995 for A. lacertosa and from 1993 through 1995 for A. nigriscutis. For both sites, automated weather stations (Datalogger; Wescor Inc., Logan, UT) were maintained during sampling years. Soil temperatures at 10 cm in depth were recorded. Each site was sweepsampled weekly until the Þrst adult of each species was captured.
Additional observations from three locations in North Dakota were obtained from Jordan (1999) .
Three Barnes County locations were sweep-sampled throughout the 1997 growing season. From these records, we extracted the date of Þrst adult capture for A. lacertosa at all three sites and A. nigricutis at two of the sites. Soil temperatures from the closest weather station in Jamestown, ND, were used for all three sites, because soil temperatures were not recorded at either site.
We compared the observed dates of Þrst adult capture with predicted Þrst emergence dates. For each species, at each location, the predicted dates of Þrst emergence were based on accumulating degree-days of soil temperature until the degree-day estimates were met. As recommended by Legg et al. (2000a) , we used the historical method to calculate degree-day accumulations for Aphthona spp. Calculation of the historical method is described by Pruess (1983) . Departures were calculated by subtracting observed dates from the corresponding predicted date. We used the MEANS procedure (paired t-test) (SAS Institute 1999) to test whether average days of departure were signiÞcantly different from 0.0 within each state (Legg et al. 2002b) . For each species, we also compared mean departure days among states using GLM and REGWQ procedures in SAS (SAS Institute 1999).
Results
Emergence times of 3,574 A. lacertosa and 309 A. nigriscutis adults were obtained from the laboratory study. Developmental times decreased with increasing temperatures (Table 1) . Average days to emergence for A. lacertosa ranged from 89.1 at 12ЊC to 25.6 at 26ЊC, whereas A. nigriscutis ranged from 109.7 at 12ЊC to 26.1 at 26ЊC (Table 1 ). In 2002, no insects emerged at either 6 or 9ЊC. Soil cores were dissected at the end of the experiment, and no live or dead larvae were detected. Data from the 6 and 9ЊC constant temperatures were thus excluded from further analysis.
Lower Developmental Thresholds and Median-Required Degree-Days to Emergence. For each species, we compared the 2001 and 2002 regressions of development rate (1/md) as a function of temperature. For A. lacertosa, there were no signiÞcant differences in the slopes (t ϭ 1.23, df ϭ 5; P ϭ 0.28) or intercepts (t ϭ Ϫ1.43, df ϭ 5; P ϭ 0.20) between years. Overall model comparison between years for A. lacertosa show no signiÞcant differences (F ϭ 1.49, df ϭ 2,5; P ϭ 0.31). For A. nigriscutis, there were no signiÞcant differences in the slopes (t ϭ 1.62, df ϭ 5; P ϭ 0.17) or intercepts (t ϭ Ϫ0.85, df ϭ 5; P ϭ 0.43) between years. Overall model comparison between years showed no signiÞ-cant differences (F ϭ 1.49, df ϭ 2, 5; P ϭ 0.31). These results allowed us to combine data over the 2 yr to develop pooled linear regressions.
Development rates (1/md) for A. lacertosa and A. nigriscutis exhibited linear relationships with rearing temperature (Fig. 1) . Based on simple linear regression analyses, the lower developmental threshold estimates for A. lacertosa and A. nigriscutis were 7.5 Ϯ 0.5 and 9.3 Ϯ 0.6ЊC, respectively (Table 2) . Based on the reciprocals of the slopes of the linear regressions, the median degree-days required for the emergence of adult A. lacertosa and A. nigriscutis were 461 Ϯ 18 and 433 Ϯ 24, respectively, above their respective base temperatures.
First Emergence Estimates. Cumulative probability distributions of normalized development as a function of median development time (Weibull functions) are shown in Fig. 2 , and parameter estimates are summarized in Table 3 for each species. The ␥ parameter, which provides an estimate of the proportion of median emergence degree-days required for Þrst emergence, was 0.71 Ϯ 0.02 for A. lacertosa and 0.74 Ϯ 0.04 for A. nigriscutis. These proportions were multiplied by their respective degree-day requirements for median emergence to provide estimates of accumulated degree-days required for Þrst emergence. Estimates of accumulated degree-days for Þrst emergence of A. lacertosa and A. nigriscutis are 326 and 322, respectively.
Field Evaluation of Emergence Models. We detected no bias in predicted date of Þrst adult emergence for A. lacertosa in Minnesota (t ϭ 1.21, df ϭ 7; P ϭ 0.27), Montana (t ϭ 0.47, df ϭ 2; P ϭ 0.69), or North Dakota (t ϭ Ϫ1.75, df ϭ 2; P ϭ 0.22). Mean departure days were similar for each state (F ϭ 0.63, df ϭ 2, 11; P ϭ 0.55). Departure days for Þrst A. lacertosa emergence estimates ranged from 2.3 Ϯ 1.3 d Mean (d) and median (md) days to emergence and developmental rates (1/md) (Table 4 ). For A. nigriscutis, we detected no bias of Þrst adult emergence predictions for locations in Minnesota (t ϭ 1.78, df ϭ 4; P ϭ 0.15) or North Dakota (t ϭ Ϫ0.60, df ϭ 1; P ϭ 0.66), but Montana seemed to be marginally biased (t ϭ 3.96, df ϭ 5; P ϭ 0.06). Mean departure days were signiÞcantly different among states (F ϭ 8.45, df ϭ 2, 7; P ϭ 0.01). Mean departure days for Montana sites were signiÞcantly later than Minnesota or North Dakota sites (Table 5 ). Departure days for Þrst A. nigriscutis emergence estimates ranged from 1.5 Ϯ 2.5 d early in North Dakota to 15.0 Ϯ 3.8 d late in Montana (Table 5) .
Discussion
Both A. lacertosa and A. nigriscutis emerged with high predictability when held at constant temperatures, as demonstrated by the linear regression data for each species ( Fig. 1; Table 3 ). No insects emerged when held at 6 or 9ЊC. This result was expected at 6ЊC because this temperature was well below the estimated lower developmental threshold for both A. lacertosa and A. nigriscutis. However, we expected to see some emergence of A. lacertosa adults from the 9ЊC treatment. Although some development may have been occurring at 9ЊC, the length of time needed for (Table 3) . emergence at this at this temperature may have interfered with development. For example, soil cores became desiccated over the 325-d period at Ϸ50% RH. Because plants were not growing and thus could not supplement larval diet, the beetles may have depleted fat body reserves before development was completed.
We chose to use simple linear models to describe developmental rates and to predict lower developmental thresholds and degree-days required for emergence. Simple linear regression models may oversimplify estimations of developmental thresholds and required degree-days (Wagner et al. 1984a ). The linear nature of such models, however, is practical for predicting insect development and can provide useful description of development under Þeld conditions (Pruess 1983) .
The linear models for A. lacertosa and A. nigriscutis produced similar slopes but had signiÞcantly different intercepts (Fig. 1) . At each constant temperature, A. lacertosa emerged earlier than A. nigriscutis. This difference was clear in the lower developmental threshold estimates, where Aphthona lacertosa was 1.3ЊC lower than that of A. nigriscutis (Table 2 ). There was no evidence of diminishing developmental rate at temperatures up to 26ЊC for either species.
Nonlinear cumulative probability distributions provide a useful method of describing developmental transitions in insects (Wagner et al. 1984b ). The sigmoidal shape of the A. lacertosa and A. nigriscutis distributions indicated homogeneity in emergence rates when held at constant temperatures, revealing that overwintering larvae were all in the same stage of development, as asserted by Maw (1981) . This assertion was supported by Jordan (1999) , who measured head capsules of overwintering A. lacertosa larvae and suggested that just one larval instar was present within soil core samples collected in October and again in April. Homogeneity in emergence patterns among different constant temperatures also suggests that diapause requirements were met by storing the soil cores collected in the fall for 60 d at 3ЊC before starting the experiment. Maw (1981) concluded that several Aphthona species closely related to A. lacertosa and A. nigriscutis require a cold period to complete development. This may be the case for A. lacertosa and A. nigriscutis; however, the cold period requirement is quite short and mild compared with winter conditions in the north temperate zone.
Combining estimates from linear and nonlinear models provided a useful prediction of the Þrst emergence of A. lacertosa and A. nigriscuits adults in the Þeld. The lack of bias in Þrst emergence predictions for A. lacertosa suggests the predictions are reasonable for Minnesota, Montana, and North Dakota. This may not be the case for A. nigriscutis. Although no bias was detected in predicted Þrst emergence for Minnesota and North Dakota, Montana locations may show a possible bias. Departure days in Montana were also signiÞcantly higher, averaging 15 d later than Minne- It is unknown why this difference exists for A. nigriscutis and not A. lacertosa. We speculate that climate and environmental conditions most likely play a role. The Minnesota and North Dakota locations were Ͻ320 km apart and were likely experiencing similar climatic conditions. The Montana locations, however, are much drier and higher in elevation and have a shorter growing season than the Minnesota and North Dakota locations. Interestingly, A. lacertosa adults initially released at the Webber site in Montana were collected from the same North Dakota sites used in this study. Unless there has been a relatively rapid shift in genotype, we suspect climate, microclimate, and soil type likely are key factors. These ideas need to be independently conÞrmed.
Using simulation models, Legg et al. (2002a) predicted a median functional lower developmental threshold (Ϫ2.56ЊC) and accumulated degree-days to Þrst emergence (1,189) for A. nigriscutis. In comparison, we experimentally estimated a median lower developmental threshold and accumulated degreedays to Þrst emergence for A. nigriscutis to be 9.3ЊC and 322, respectively. Although our lower developmental threshold estimates may more accurately reßect the actual threshold temperature, the Legg et al. (2002a) functional lower developmental threshold in conjunction with their required degree-days estimate for Þrst emergence, provided an acceptable prediction of Þrst emergence for A. nigriscutis. We did not directly compare the Þrst emergence predictions because we used soil temperature to calculate degreedays in our validation set, whereas Legg et al. (2002a) used air temperature. In each study, however, departure days were similar for A. nigriscutis with the exception of our Montana data.
In summary, degree-day models developed from constant temperature experiments can be used to predict emergence of Aphthona spp. in the Þeld. Combining estimates from linear and nonlinear models provided a useful estimation of Þrst emergence for A. lacertosa and A. nigriscutis adults on a regional scale. Such models provide additional information for land managers in their efforts incorporate biological control into their leafy spurge control efforts.
